ABSTRACT
Catecholamine-stimulated activity of mouse thymocytes remained constant from the 17-19th day of fetal development to 5 weeks after birth; it subsequently decreased to about one-half of the activity by 7-8 weeks. Similar decreases with age occurred in mouse spleen and rat thymus. In contrast, the glucagon-stimulated activity of rat liver increased during a similar period. Hypophysectomy of rats at 3 weeks did not influence the amount of cyclase activity of thymocytes assayed at 7 weeks.
When intact mouse thymocytes were first incubated in a culture medium at 370C with epinephrine or norepinephrine, a second addition of catecholamine after cell lysis no longer stimulated the enzymes. This loss of stimulation was selective, since basal activity and stimulation by fluoride ion were not affected. Incubation of intact cells with phytohemagglutinin markedly decreased the activity of lysates, whether assayed in the presence or absence of catecholamine or fluoride. In contrast, phytohemagglutinin added directly to the assay had no effect. No alterations occurred in adenylate cyclase activity as a result of the incubation of a 1:1 mixture of thymocytes from two strains of mice selected for the capacity of the cells to produce a mixed lymphocyte response.
Although adenylate cyclase has been demonstrated in dog spleen (1) , rat thymus (2) , and rat lymph-node cells (3), relatively little is known concerning its activation in lymphoid tissues by hormones, other than that it is stimulated by catecholamines (1, 4) . Also, it was found that catecholamines or cyclic adenosine 3': 5'-monophosphate (cyclic AMP) inhibited incorporation of nucleosides into RNA (4) , and that cyclic AMP stimulated histone phosphorylation by protein kinase of rat thymocytes (5) . Cyclic AMP has been reported to stimulate antibody synthesis in spleen cells (6) , to stimulate cell division in rat thymocytes (7), and to inhibit peripheral lymphocyte transformation by phytohemagglutinin (PHA) (8, 9) ; this last effect was also produced by isopropylnorepinephrine (8) . Sites on membranes of lymphoid cells may be involved in various immunological reactions, including responses to antigen transformation by PHA, and in a mixedlymphocyte-culture response. It was therefore of interest to ascertain whether or not these sites are related to, include, or actually are the hormone receptors on the cell surface for adenylate cyclase.
Abbreviations: PHA, phytohemagglutinin; PTH, parathyroid hormone.
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In this paper, catecholamine-sensitive adenylate cyclase is shown to be present in isolated lymphoid cells; enzymatic activity is greater in immature than in mature lymphoid cells. Conditions are described for incubation of cells in vitro with retention of hormone-sensitive activity. The effects of prior incubation of intact cells with catecholamines, with PHA, or in a mixed lymphocyte cell culture on the activity of the enzyme are described. Such studies may provide a basis for elucidation of the role of adenylate cyclase in lymphoid cell function.
METHODS
Lymphoid tissues and livers were obtained from the following animals: Sprague-Dawley rats, CBA/Wh (H-2k) mice (from our own colony), or strains C57BL/6 (H-2b) and EK (H-2k) mice (provided by Dr. Frank Lilly of the Department of Genetics). Preparation and incubation of lymphoid cell suspensions were as described (10) , with these modifications: 5% calf serum and 5% fetal-calf serum were present throughout these procedures and, except where otherwise specified, Dulbecco's medium (11) was used in place of Eagle's medium for spinner culture (12) . The fraction of lymphoid tissue designated as the "residue" was that remaining after the small cells were teased out (10) . Whole tissue and residue fractions were gently homogenized with all-glass homogenizers. Cell suspensions were centrifuged, washed in ice-cold 0.85% NaCl, and lysed in about 10 volumes of a solution containing 5 mM MgSO4 and 20 mM glycylglycine (pH 7.6) (13). Homogenates or lysates were kept on ice before assay for adenylate cyclase activity.
Additions of PHA (PHAP, Difco), I-epinephrine, I-norepinephrine, or other hormones or drugs were made to intact cell suspensions and to assay tubes as indicated.
Assay of lysates and homogenates for adenylate cyclase activity was as described (13) . The final assay system contained, in a volume of 100 ,ul, 0.625 mM [a-32P]ATP (about 1.5 X 106 dpm), 1.25 mM MgSO4, 5 mM caffeine, 40 mM TrisHCl (pH 7.5), and about 5 mg of tissue (based on wet weight) (equivalent to 1.3 X 107 lymphoid cells). Each assay included duplicate or triplicate tubes for each variable studied and also tubes with heat-inactivated lysate or homogenate [as a "noenzyme" control (13) ]. After incubation for 20 min at 300C, the tubes were chilled and 25 ,ug of carrier cyclic AMP was added to each tube. The tubes were then heated for 3 min at 950C, centrifuged, and the cyclic AMP in the supernatant fractions was separated by thin-layer chromatography on Mylar sheets of polyethyleneimine cellulose (Brinkmann) with ethanol-0.5 M ammonium acetate 5:2 as developing solvent. Radioactivity in the cyclic AMP areas of the chromatograms was determined by liquid scintillation spectrometry.
The cyclic AMP formed was further characterized (13 Table  1 ). However, both basal activity and activity in the presence of maximal concentrations of norepinephrine or epinephrine are significantly greater in homogenates of whole thymus and lysates of thymic and mesenteric node cells from mice than in similar preparations from rats of the same age (Table 1;  Table 3 , part I). In contrast, fluoride ion activated the enzyme about the same amount in mouse and rat tissues. (Fluoride ion appeared to exert primarily a direct effect rather than one due to inhibition of ATP degradation; stimulation by NaF was only slightly altered by increasing the ATP concentration or by addition of pyruvate kinase together with phosphoenolpyruvate to the assay.)
The total adenylate cyclase activity of mouse or rat thymus was recovered almost entirely in the small cells obtained in suspension by gently teasing apart the tissue in culture medium (Table 1) ; little or no activity remained in the residual tissue (stroma). Similar findings (data not shown) were obtained for spleen and lymph nodes of 29-to 36-day-old mice and for thymus of 17-to 19-day-old embryos. Also, basal and catecholamine-stimulated adenylate cyclase activity of mouse or rat thymic cells was appreciably greater than that of splenic or mesenteric node cells from the same animal (Table   1) .
Sensitivity of lymphoid cell adenylate cyclase to low concentrations of epinephrine was several times that to norepinephrine (Table 2) , even though maximal activity was usually slightly greater with norepinephrine than with epinephrine ( Table 1 ). The response of the enzyme of thymocytes from 30-to 35-day-old mice to 2 or 20 MM norepinephrine was completely blocked by 2 Mg/ml of propranolol, a ,B-adrenergic blocking agent. In contrast, the response was not influenced by 5 ,g/ml of phentolamine and was only very slightly decreased (only at 2 MM norepinephrine) by 2 ,g/ml of dibenzylene (both a-blocking agents).
Adenylate cyclase of mouse or rat whole thymus or isolated thymocytes was not activated by 0.2-20 MM serotonin or histamine, 0.05 unit/ml of adrenocorticotropin, 0.2 unit/ml of parathyroid hormone (PTH) (Lilly), or 0.2-2.0 ,g/ml of glucagon (Lilly). The lack of response of the rat thymocyte enzyme to PTH is not consistent with the proposal that cyclic AMP mediates the stimulatory effect of PTH on mitosis of rat thymocytes (14) .
In other studies, addition of PHA to the assay system did not significantly affect adenylate cyclase activity, either in the presence or absence of catecholamine or NaF. These studies included assays of cell lysates from 13-, 29-, and 60-day-old mouse thymus, 6-week-old rat thymus, 24-day-old mouse mesenteric nodes, or 60-day-old mouse spleen, and were carried out over a concentration range of 4-200 Mg/ml of PHA. These results were in contrast to the marked effect produced by incubation of intact cells with PHA prior to assay (see below).
Influence of age of animal and of hypophysectomy on adenylate cyclase
High cyclase activity was present in thymocytes of fetal and newborn mice (Table I ). Activity in mouse or rat thymic cells was significantly lower at 7-8 weeks than at 2 weeks of age. Catecholamine-sensitive activity of mouse thymic cells was relatively constant up to about 5 weeks; hence, the diminution in activity must have occurred in the 5-7 week interval. Basal activity appeared to decrease gradually from birth to 5-7 weeks of age. The change in adenylate cyclase activity of thymocytes with age was not affected by hypophysect6my of rats at 24 days of age (Table 1) . In these experiments, the operated animals were maintained with glucose and saline supplementation until they were killed at 50-54 days. Thus, the pituitary is not necessary for development of normal thymic adenylate cyclase activity. Similar findings have been reported for the adenylate cyclase of the adrenal cortex of hypophysectomized animals (15) . In contrast to the thymic enzyme, the glucagon-sensitive adenylate cyclase of rat liver increases from 2 to 7-8 weeks of age, and hypophysectomy produces a somewhat decreased total activity, although the relative percentage increase due to glucagon is actually enhanced ( Table 1) .
Relation of lymphoid cell adenylate cyclase activity to cell function
High levels of hormone-sensitive activity are present in fetal In other experiments, cells from thymuses of two strains of mice (C57BL/6 and EK, selected on the basis of differences in cell-surface antigens) were incubated separately or as a 1:1 cyclase activity was assayed (Table 3, IIC) . The enzymatic activity from the cell mixture was similar to that of each individual cell strain. Thus, early alteration of adenylate cyclase or cell-surface receptor for catecholamine does not appear to be involved in the mixed-lymphocyte reaction. In separate studies, incubation of this mixture of cells for 48-72 hr in Dulbecco's medium resulted in an expected 7-to 10-fold increase in tritiated thymidine incorporation into DNA over that for the individual cell lines incubated separately (data not shown). After this prolonged incubation, although the high incorporation of thymidine into DNA was indicative of a mixed lymphocyte reaction, no adenylate cyclase activity could then be detected in the cells. The reason for this is not understood, but it may be related to the number, as well as to the characteristics, of transformed cells.
Mouse thymocytes were incubated in vitro with PHA at concentrations that have been used to produce lymphocyte transformation (9) and that have been reported to produce various metabolic alterations in cells during the first few hours of incubation (19, 20) . Incubation of intact thymocytes with PHA for 30 min or 3 hr resulted in large decreases (or total loss) of basal, hormone-sensitive, and also fluoride-sensitive activity of lysates (Table 4 , I and II). It is possible that this effect of PHA on cyclase would in turn lead to the early changes in glucose and glycogen metabolism reported to be produced by PHA (19, 20) .
Despite the large changes in cyclase activity of lysates, PHA had little effect on the capacity of intact cells to accumulate, phosphorylate, and incorporate labeled nucleosides into RNA and DNA (data not shown). Thus, the action of PHA on adenylate cyclase was at least partially selective. The effect may be indirect since PHA had no inhibitory effect on the cyclase assay itself (discussed above).
When intact mouse thymocytes were incubated with epinephrine or norepinephrine, and the cells were then washed and lysed for adenylate cyclase assay, an unusual phenomenon was seen. Although these lysates exhibited the usual basal activity and activity in the presence of fluoride ion, the activation by direct addition of catecholamine to the assay system was selectively lost ( (22) .
An additional conclusion that is strongly suggested by the data presented in this paper is that regulation of the hormone receptor site for adenylate cyclase in lymphoid tissue may occur independently of that of total enzyme activity as assayed in the presence of fluoride ion. This conclusion is supported by the changes found to occur with aging, as well as in the various studies with cells incubated in vitro.
